Background and Objective-Optical coherence tomography (OCT) has been used in limited settings to study peripheral nerve injury. The purpose of the study is to determine whether highresolution OCT can be used to monitor nerve injury and regeneration in the rat sciatic nerve following crush injury, ligation, and transection with microsurgical repair.
INTRODUCTION
Injury to peripheral nerves results from physical trauma, systemic diseases, toxins, and inflammation. Blunt, penetrating, or crush injuries to peripheral nerves may lead to immediate loss of sensory and/or motor function, often requiring surgical repair. The physiological processes associated with nerve injury and repair encompass a complex series of events including Wallerian degeneration, segmental demyelination, axonal sprouting, and regeneration [1] [2] [3] [4] [5] .
Microsurgical repair of severed nerves is technically demanding, requiring the meticulous approximation of the proximal and distal nerve segments. Methods to monitor the regeneration process rely upon clinical observation of gross functional recovery (e.g., return of motor or sensory function) or electrophysiologic studies such as electromyography (EMG) and/or nerve conduction velocity (NCV) studies. Currently there are no clinical methods that provide detailed images of the injury and repair process without a biopsy. Imaging the structure of peripheral nerves in vivo would have value in research studies as this may potentially reduce the number of animal subjects euthanized for specimen procurement. Clinically, several disease processes such as diabetes occasionally require nerve biopsy to monitor the extent or progression of disease. In vivo imaging may obviate the need to perform a biopsy in many circumstances, as small incisions and minimally invasive techniques could be used to expose peripheral nerves and allow access for imaging. Optical coherence tomography (OCT) is a high-resolution imaging modality that may potentially be used to accomplish this task. Although similar in functionality to ultrasound technology, OCT utilizes a low-coherence light source rather than sound waves to detect variations in tissue. The broadband near-infrared light combined with a fiber optic Michelson interferometer allows the OCT system to produce crosssectional images where image contrast is generated by differences in tissue optical properties [6] . OCT has several advantages over the other imaging and microscopy techniques in that it provides high-resolution cross-sectional images of living tissues without the need for cytotoxic fixation. Hence, OCT may have value as a research tool to study nerve injury repair and potentially have value in clinical management of neuropathic diseases as well.
To date, few studies have examined the use of OCT to image peripheral nerves, and most OCT nerve research has centered on ophthalmic applications primarily focused on imaging optic disc pathology, primarily in disease states such as glaucoma. This pilot study evaluated the use of high-resolution OCT to monitor the process of peripheral nerve regeneration following three forms of traumatic injury: crush injury, suture ligation, and nerve section with microsurgical repair.
MATERIALS AND METHODS
Forty-five adult male Sprague-Dawley rats (0.3-0.325 kg) were equally segregated into three experimental groups: suture ligation, section with microsurgical repair, and crush injury. Each group was further divided into three subgroups assigned survival durations of 4, 15, or 24 weeks. For all procedures the right sciatic nerve served as the experimental and the left as the control. The protocol was approved by the UC Irvine Institutional Animal Care and Use Committee (IACUC).
Animal Surgery
Animals were anesthetized with ketamine (75-100 mg/kg) and xylazine (10 mg/kg) administered intraperitoneally. The right thigh was shaved, sterilely prepped, and draped. A 2-cm long incision was carefully made to the buttock through the gluteal muscles exposing the sciatic nerve. For the ligation procedure, the sciatic nerve was sharply transected with a scalpel followed by ligation of the two severed ends with sutures. The ligated stumps were not approximated. For microsurgical repair subjects, the severed ends of the nerve were reapproximated with sutures (8-0 polypropylene suture) using a dissection microscope to visualize the tissue. Finally, during the crush injury, the sciatic nerve was compressed three times consecutively with a clamp. In all three cases, the skin incisions were closed with nonabsorbable suture. The left sciatic nerve (control) only underwent exposure followed by immediate skin closure. The total time for each procedure, including anesthetic induction, took approximately 45 minutes. Following surgery, the animals were monitored until fully recovered from anesthesia, and then returned to the vivarium.
Once the animals reached their assigned survival times, the rats were euthanized (pentobarital sodium, 150 mg/kg, i.p.). Meticulous microsurgical dissection was then performed to carefully harvest the sciatic nerves. The proximal and distal ends were identified and stabilized on cork squares where they were fixed in 10% formalin solution for 24 hours, and then rinsed and placed in a phosphate buffer (pH 7.4) solution for storage at 4°C.
Imaging
The nerves were imaged using the fiber-based time domain OCT system located at the Beckman Laser Institute. An OCT system at 1,060 nm center wavelength with approximately 7 μm resolution in tissue was chosen over other wavelengths because of its ability to penetrate further in tissue while still balancing resolution quality. Figure 1 shows a schematic of the fiber-based OCT system.
In the reference arm, a rapid-scanning optical delay line was used. The delay line consisted of a grating and curved mirror to produce spectral dispersion [7] . A Galvano mirror in the Fourier plane was angle scanned at high speed with an axial line scanning rate of 500 Hz. In order to match the dispersion induced between two paths, two pairs of prisms made of SF11 and a Lakn22 glass rod with 5 cm length were inserted in the delay line. Figure 2B ,C shows the measured interferogram before/after dispersion compensation.
The reflected light from two paths was recombined and detected on a photodetector. The interference signal was observed only when the optical path length difference between sample and reference arms was less than the coherence length of the source. The detected optical interference fringe intensity signals were bandpass-filtered at the carrier frequency. Resultant signals were then digitized with an analog-digital converter and transferred to a computer where the structural image was generated.
Both control and experimental specimens were imaged at three locations: (1) the injury site (mid); (2) proximal to the injury site (presumably populated by normal axons); and (3) distal to the injury site (regenerating axons that traversed the region of injury). Proximal and distal scanning occurred approximately 5 mm from the injury site. All specimens were scanned 1 mm × 3 mm. Extensive analysis was conducted on all OCT images to determine the presence of variations in signal intensity and distribution which correlated with nerve structures.
Histology
After OCT imaging the nerve tissue samples were prepped for histology sectioning. The nerves were dehydrated in increasing concentrations of ethanol, rinsed with Histoclear (National Diagnostics, Manville, NJ), and saturated with paraffin in an ATPI tissue processor (Triangle Biomedical Sciences, Inc., Durham, NC). After dehydration the tissue samples were embedded in paraffin and allowed to set. Careful 6 μm serial sectioning was performed at the location on the nerve specimen where OCT imaging was conducted in order to have adequate section numbers to obtain registry with the OCT images. Once the sections were placed on 50% Albumin Fixative coated glass slides, the tissue was deparaffinized with Histoclear and finally stained with hematoxylin and eosin.
RESULTS

Gross Observations
The control nerves (Fig. 3) were free of any surgical trauma as expected, and the contours were smooth and symmetric. In contrast, all traumatized nerves presented a range of morphological changes including obvious neuromas (Fig. 3) at the site of injury to no visible changes to the tissue, albeit the latter outcome was uncommon. Neuromas are the result of significant trauma to nerve tissue and are identified by the enlarged bulbous tissue at the site of injury [8, 9] . Over 65% of injured nerves showed some evidence of trauma on inspection. Neuromas were seen in all three injury groups, though they were more commonly found in ligated nerves and least common in simple crush injury specimens. It should be noted that 4 of the 12 ligated nerves did not successfully reinnervate the distal segment. Eleven animals also did not survive anesthesia following surgery.
OCT Images
A total of 68 nerves, 34 control and 34 experimental, were imaged using high-resolution OCT at three locations (proximal to injury, injury site, and distal to injury) resulting in a total of 204 (68 nerves × 3 locations) specimens imaged. In each location, multiple OCT sections were obtained to facilitate registration with histologic images. In control specimens, OCT images (Fig. 4) revealed homogenous signal distribution to a relatively uniform depth of roughly 0.25-0.35 mm. This structural pattern was seen in control specimens for all survival times, and the nerve contour appeared smooth. Control nerves did not undergo any injury beyond simple surgical exposure of the intact sciatic.
In contrast, all traumatized nerves (Fig. 5) showed a heterogeneous signal intensity with an increased irregularity at the sites of nerve injury and in distal segments. Similarly, this signal pattern appeared to increase over time. OCT images of the ligated and microsurgically repaired nerves showed the marked signal heterogeneity in the nerve bundle at week 24. For crush injury specimens, the signal heterogeneity was greatest at week 15. Of the three injury models, crush injuries were the least severe, as the endoneurial channels were in theory not severed, and a very modest degree of axonal continuity was maintained. In all three injury groups changes in nerve contour were observed and may reflect the combined effects of inflammation and woundhealing mechanisms.
Histology
Although OCT analysis was comprehensive, histological processing was limited purely for practical reasons. Hence, one nerve was randomly selected from each of the three experimental groups at each specific survival duration (4, 15, and 24 weeks) for a total of nine nerves. Similar to the OCT imaging procedure, each nerve was processed and then transversely sectioned at three locations (proximal to injury, injury site, and distal to injury-three tissue blocks per nerve). In addition to the nine experimental nerves, two control nerves were sectioned ultimately resulting in a total of 33 tissue blocks (11 nerves × 3 locations). For all specimens, a large section of the nerve was harvested in order to insure the histologic sections were in registry with regions imaged using OCT. As such, dozens of individual sections were obtained for each nerve, and surface contour features were used as a guide to maintain registry, in addition to correlation with photographs of the nerve before embedding.
Histological examination of the injured nerves (Fig. 6) showed an increase in connective tissue at the site of injury and distally. The amount of this scar tissue increased with time for all injury groups. Scar tissue formation may be due to foreign body reactions elicited from the presence of sutures. Such connective tissue was seen in the control group, but unlike the injured groups, the amount observed in the controls was consistent throughout each region (proximal, middle, distal). Histology of the controls showed nerve fibers neatly enclosed in fascicles with minimal surrounding connective tissue. In contrast, the injured/repaired nerves exhibited irregular fascicles, which lack the smooth, circular structure as seen in controls. Furthermore, these fascicles were more densely packed and appeared to progressively decrease in diameter in correlation with increasing time and sectioning distal to injury. Our observations correlated with Ronchi et al [10] who found the regenerated rat median nerve fibers were smaller and more densely packed after crush injury.
Comparison of OCT to Histology
OCT clearly provided information on the structure of a peripheral nerve, though signal intensity diminished with depth. This penetration appeared to be further reduced by the presence of scar tissue. Analysis of histologic sections allowed for identification of structures seen with OCT, and what were initially identified as irregular nerve bundles were in fact regions of scar tissue and perineurium. For the injured nerves which developed significant scar tissue during the nerve repair process, it was difficult to obtain images that reflected changes in the underlying nerve bundles. In contrast, in specimens lacking scar tissue, OCT identified microstructural features in the nerves consistent with perineurium, the outer most nerve layer which surrounds and protects nerve fiber bundles (Fig. 7) .
DISCUSSION
This study demonstrates the potential for OCT as a high-resolution imaging modality for use in monitoring nerve injury and repair. While current systems are limited in capability, with increased resolution, OCT may supply physicians with real-time images of changes in nerve microstructure that occur following injury, treatment, and repair. This technology may aid physicians in providing quantitative information on nerve growth and repair dynamics.
Although current OCT lacks the resolution to image individual axons, information on nerve contour and appearance of scar tissue may still be of clinical value to help monitor injury and repair in peripheral nerve surgery, even though the imaging depth is limited. As OCT resolution continues to improve, this technology may have the potential to replace nerve biopsies which are occasionally needed to diagnosis peripheral neuropathies. The most common example is sural nerve biopsy which is performed in diabetic patients.
OCT is a valuable imaging tool due to its capability to provide high-resolution cross-sectional images of living tissues. Common imaging modalities including computed tomography (CT), magnetic resonance imaging (MRI), and ultrasound also image subsurface soft tissue structures but lack the resolution necessary to image nerve microstructure [11] [12] [13] [14] . Currently, only OCT combines high-resolution and tissue penetration depth required to image nerve microstructures.
Presently, OCT is being utilized in multiple specialties and has had the greatest impact in ophthalmology where it is able to provide cross sections of the optic disc aiding in the diagnosis and monitoring of glaucoma, and in imaging the retina itself [15] [16] [17] . Similarly, physicians use OCT to detect abnormal cell development in the human airway, gut, oral cavity, cardiovascular system, and urinary system [18] [19] [20] [21] .
This study is the first to investigate the peripheral nerve injury and repair process using OCT imaging technology in combination with histological processing. In general, OCT imaging of the injured nerve resulted in heterogeneous signal distribution with an increase signal irregularity at the segments distal to injury site. In contrast, the control nerves presented homogenous signal distribution to a relatively uniform depth. OCT supplied further information in regard to nerve contour.
Several challenges were encountered while conducting this study. The limited penetration depth prevented imaging beyond the connective tissue surrounding the nerve. Prior to comparison with histology, when only examining OCT images alone, we suspected the irregular signal distribution seen on OCT reflected the irregular nerve bundle geometry resulting from the nerve injury repair process; however, this appears not to be the case. Histological analysis proved this "irregular signal distribution" was actually fibrosis at the injury site. An additional challenge involved the difficultly of obtaining registered histology sections at the precise OCT imaging site. Great care was taken to mark the imaged location; nevertheless, after histological processing and sectioning, determining the exact OCT imaging site was a challenge.
With further advances in OCT imaging technology, specifically improvements in the depth of penetration and resolution, this imaging modality has the potential to be a useful tool providing physicians with a mechanism to visualize structural changes to nerve microstructures.
CONCLUSION
The potential to perform non-invasive, high-resolution in vivo imaging could radically alter nerve injury diagnosis, therapy, and management. We have demonstrated the first OCT images of peripheral nerve in an injury and surgical repair model, and our results suggest that OCT may eventually have some value in diagnosing and monitoring nerve injury, potentially being used as an intraoperative imaging modality. Future studies will focus on OCT devices with improved resolution, higher speed, and greater penetration depth. Schematic of OCT imaging system. RSOD, rapid-scanning optical delay. Dotted line indicates broadband all reflective delay line. P, prism pair; CM, curved mirror; M, mirror; DG, dispersion compensating glass. A: Spectra of the ASE source. B,C: Experimental results before and after dispersion compensation. Axial resolution of 7 μm was achieved with precise dispersion matching by means of pair prisms and dispersion compensating. Digital images of rat sciatic nerves. Image on the left is of a non-injured control sciatic nerve. On the right, an experimental sciatic nerve developed a neuroma at the injury site. OCT images of three separate control (uninjured) sciatic nerves at three time intervals (4, 15, and 25 weeks). All nerves were imaged at three locations: proximal to injury (A-B), injury site/middle (D-F), and distal to injury (G-I). Specimens were scanned 1 mm × 3 mm. OCT images of three separate ligated experimental sciatic nerves at three separate time intervals. All nerves were imaged at three locations: proximal to injury (A-B), injury site/ middle (D-F), and distal to injury (G-I). Specimens were scanned 1 mm × 3 mm. Histology of three ligated experimental sciatic nerves at three time intervals. All nerves were sectioned at three locations: proximal to injury (A-B), injury site/middle (D-F), and distal to injury (G-H). The fascicles appeared to progressively decrease in diameter in correlation with increasing time and sectioning distal to injury (original magnification 6.5×). The OCT image on the left correlates with the histology section (right) of an injured sciatic nerve. Region "A" highlights connective tissue and "B" signifies nerve fascicle. "C" identifies nerve perineurium (original magnification 6.5×).
